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ABSTRACT 
An investigation was undertaken to clarify the effect of Post Weld 
Heat Treatment (PWHT) conditions on the mechanical properties of Ti-B 
bearing weld metals as a function of their oxygen contents and to 
observe the changes in microstructure resulting from PWHT. 
The notch toughness of weld metals with different oxygen levels 
(250 and 375 ppm) was reduced regardless of the PWHT conditions. When 
PWHT was carried out either for 1 hour holding time at 600°C, 650°C and 
700°C, or 48 hours holding time at 600°C, there is a regular deterio-
ration in notch toughness and increase in hardness probably resulting 
from precipitation hardening by titanium nitrides or carbonitrides. 
When PWHT conditions consist of 48 hours holding time at 650 and 
700°C, the notch toughness again decreased despite softening effects. 
This can be explained in terms of the discernable microstructural 
changes, which were different for the upper bainite structure observed 
in the lower oxygen weld metal and the acicular ferrite in the higher 
oxygen weld metal. In the case of the upper bainite structure, 
continuous films of cementite, containing a small amount of manganese, 
tended to be broken into strings of ellipsoidal particles and to become 
coarsened. In contrast, PWHT did not results in any significant devel-
opment of carbides in the fine acicular ferrite structure. Here, the 
ferrite grains seemed to have coarsened probably due to the partial 
recrystallization occurring as a result of the long time heat treatment. 
From an application standpoint, the notch toughness of Ti-B bearing 
weld metal will not be improved by PWHT operations. The most important 
thing in terms of maintaining the toughness after PWHT, therefore, is to 
1 
obtain weld metal with good toughness in as-welded condition with a 
microstructure consisting of fine acicular ferrite produced by 
controlling the oxygen content of the weld metal. 
2 
INTRODUCTION 
Background 
In the last ten years, the role of i
nclusions in the development of 
high-strength low-alloy (HSLA) steel weld m
etal microstructure has 
received considerable attention, pa
rticularly the subject of their 
possible effect on the nucleation of
 ferrite. (l-4) Studies concerning 
factors affecting toughness have rev
ealed that so-called "acicular 
ferrite" is generally tougher than 
other constituents, such as 
proeutectoid ferrite or lath structu
res (Widmanstatten ferrite side 
plates and bainite), because of its fine-gra
ined interlocking structure. 
As stated by Abson et al(l) and Cochrane and
 Kirkwood, (Z) for instance, 
acicular ferrite consists of ferrite
 plates growing in different orien-
tations, hence they are separated by
 high angle grain boundaries, For 
this reason, it has become important
 to understand the factors which 
affect the nucleation of acicular f
errite in steel weld metal. 
Ito and Nakanishi(S) suggested that acicular
 ferrite was the 
dominant microstructural feature at 
oxygen contents above 200 ppm. 
Below this level, lath-like structu
res were usually formed which were 
shown to have inferior resistance to
 crack propagation and, therefore, 
these structures reduced weld metal 
toughness. 
Abson et al(l) confirmed this view by reducin
g the oxygen content 
of a submerged-arc weld metal from a
bout 200 ppm to about 120 ppm using 
a laser remelting technique and obse
rved a microstructural change from 
acicular ferrite to regions of thin
 parallel ferrite laths which they 
termed "bainite". The model propose
d to explain these observations 
suggested that oxygen-rich inclusion
s nucleated acicular ferrite and 
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helped to refine microstructure of weld 
metal contrary to the common 
belief that the inclusions adversely aff
ect the toughness of weld metal. 
Cochrane and Kirkwood(Z) produced a series of wel
d metals of nearly 
identical composition, with the exceptio
n of the oxygen level, and 
concluded that the major effects resulted from inclu
sion size dis-
tribution and surface energy of the incl
usion/matrix interface. 
These studies are noteworthy in that the
 researchers paid attention 
to inclusions, which are contained in la
rge quantities in weld metal, 
and discussed their role in the refineme
nt of microstructure. The 
inclusions involved were oxides or sulfi
des of manganese, silicon, and 
aluminum. 
On the other hand, investigations(
6
•
7) show that the simultaneous 
additions of titanium and boron signific
antly affected both the micro-
structure and the toughness of weld meta
l. Ferrite formation was 
inhibited, resulting in very fine acicul
ar ferrite which improved notch 
toughness drastically under appropriate 
conditions. However, there have 
been different explanations of the indiv
idual roles of titanium and 
boron in microstructure refinement. 
Ito and Nakanishi(B) studied the effect of titaniu
m on microstruc-
ture refinement in weld metal by submerg
ed arc welding and concluded 
that titanium nitride, which is precipit
ated in the cooling process 
after welding, provides nucleation sites
 for y + a transformation. In 
contrast, Mori et al (9) reported that the main re
ason for the combined 
effect of titanium and boron is soluble 
boron which segregates at the 
austenite grain boundary and serves to i
nhibit proeutectoid ferrite 
formation. Therefore, titanium, having
 a great affinity for nitrogen, 
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serves only to prevent the nitridization of boron. Imura et al (lO) 
studied the effect of aluminum and titanium and concluded that the 
oxidation of aluminum enabled titanium to combine with nitrogen into 
titanium nitride (TiN) which facilitated the refinement of weld metal 
microstructure. 
. (11 12) On the contrary, Watanabe and KoJima ' discovered the 
emperical fact that the microstructure is closely associated with the 
oxygen content irrespective of the nitrogen content of the weld metal 
produced by the high current MIG arc welding process. They have conclu-
sively shown, as a result of phase analysis of titanium and boron, that 
(1) titanium containing oxide promotes formation of acicular ferrite 
more effectively than TiN and, (2) soluble boron serves to inhibit the 
proeutectoid ferrite formation at the grain boundary and, (3) titanium, 
having a great affinity for oxygen, appears to inhibit the oxidation of 
soluble boron, 
Mori et al(lJ), using X-ray diffraction analysis, indicated that a 
large proportion of titanium containing oxide was titanium monoxide 
(TiO), which promoted the nucleation of proeutectoid ferrite. They also 
indicated that boron is capable of reducing free-N (nitrogen) while 
titanium protects boron from oxygen. 
Postweld Heat Treatment (PWHT) 
PWHT is generally defined as the uniform heating of a structure to 
a suitable temperature, holding at this temperature for a predetermined 
period of time, followed by uniform cooling. The primary purpose of 
PWHT is to reduce residual stress resulting from welding. 
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An examination of previous resu
lts obtained by several 
(14-17) 
authors suggested that t
he effect of PWHT on weld metal
 prop-
erties is not simple and that a
 highly complex situation exist
s. The 
changes in toughness with PWHT 
depend on such factors as (1) microstr
uc-
tural changes, including temper
ing of martensitic regions, dis
location 
recovery and, (2) the influence of the
 heat treatment on the morpholo
gy 
of carbides and other second ph
ase particles, for example, Nb 
(C,N,) 
TiN, Mo 2c or v4
c3 etc, 
Whether the toughness is increa
sed or decreased 
foilowing PWHT depends on the n
et effect of these various fact
ors. 
Tuliani(lS) observed that with a plain
 low-carbon weld metal 
containing <o.8% Mn the effect of 
PWHT was to raise the Charpy V 
transi-
tion temperature, whereas with 
weld metal containing >Q,8% Mn the 
transition temperature was lowe
red by PWHT. In terms of a mic
rostruc-
tural change, Gladman et al(l
9) found that the size of carbides 
increased with decreasing manga
nese content, and Farrar et al(
20) 
suggested that different levels
 of manganese gave rise to diff
erent 
carbon-concentration profiles a
t the advancing interphase boun
daries and 
hence, to differences in behavi
or upon PWHT. 
Garland and Kirkwood(
2l) found that on PWHT of Nb-bearing mi
croal-
loyed steels, the tempering of 
the martensite-austenite island
s which 
would produce some softening wa
s counterbalanced by the substa
ntial 
development of semicoherent car
bonitride precipitates in the m
atrix. 
They also found that this preci
pitation produced an increase in
 the 
yield strength of the weld meta
ls and a consequent increase in
 the 
Charpy V transition temperature
. 
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As far as Ti-B containing wel
d metals are concerned, it is 
pos-
tulated that the effect of PWH
T on the mechanical propertie
s is 
associated with the precipitat
ion of titanium and boron dep
ending on 
their existing forms in as-we
lded condition, for example, o
xide, 
nitride, or solid solution. W
atanabe and Kojima(ZZ) published inves-
tigations of the effect of PW
HT on the notch toughness of 
Ti-B 
containing weld metal in terms
 of ductile-brittle transition
 (50% shear 
area) temperature as a function of o
xygen content, which is shown 
in 
Figure 1. They also showed th
e results of phase analysis o
f titanium 
and boron in the weld metal b
efore and after PWHT, as shown
 in Figure 2. 
It can be seen that PWHT gives
 rise to a decrease in notch t
oughness, 
and the degree of the degrada
tion depends on the oxygen con
tent up to 
approximately 300 ppm associa
ted with the precipitation of 
titanium and 
boron, as indicated by Figure 
2. 
Objectives of Investigation 
The first objective of this research is
 to clarify the effect of 
PWHT on the mechanical prope
rties, such as hardness (representing
 the 
strength) and notch toughness of Ti-B
 bearing weld metal in terms o
f 
PWHT conditions, including ho
lding temperature and holding 
time as well 
as cooling rate. The second o
bjective is to observe the changes in 
microstructure resulting from
 PWHT in the weld .metals with 
different 
oxygen contents. 
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TESTING PROCEDURE 
Materials 
Tables 1 and 2 show the chemical 
analysis of the steel base plate 
(25 mm thick) and consumable wire used in
 this investigation. The 4 nnn 
dia. consumable wire was of the M
n-Mo-Ti-B type to produce a titani
um 
and boron bearing weld metal whic
h also contains approximately 2% 
Mn in 
order to ensure hardenability com
mensurate with the relatively hig
h heat 
input. 
Welding 
Single high current MIG arc weldi
ng was carried out on 25 mm plate
. 
The edge preparation used and the
 welding conditions employed are 
shown 
in Figure 3 and Table 3, respecti
vely. In high current MIG arc w
elding, 
the oxygen content of the weld me
tal is easily adjustable by changing 
the concentration of carbon dioxi
de in the shielding gas. In this
 
investigation, two compositions o
f shielding gas, Ar+ 5% CO 2 
and Ar + 15% CO2, were 
chosen. Welding current and arc 
voltage were 
properly determined in accordance
 with the composition of shieldin
g gas. 
In both cases, the welding heat in
put was fixed at 4.8 kJ/mm by 
adjusting the welding speed. 
Postweld Heat Treatment PWHT) 
PWHT after welding was performed 
under the conditions indicated in
 
Table 4 in order to examine its e
ffect oµ the mechanical propertie
s of 
the weld metals. Samples were re
heated at 600°C, 650°C, and 700°C
 for 1 
hour and 48 hours. Furnace cooli
ng was chosen as a standard cond
ition. 
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Water cooling was additionally carried out for samp
les heat treated for 
1 hour to verify the effect of the cooling rate, T
he cooling rates for 
furnace cooling and water cooling were approximatel
y 35°C/hr and 
50°C/sec, respectively. 
Mechanical Testing 
Charpy Impact Test 
Figure 4 shows the sampling and notch position of t
he specimens in 
2 mm V-notch Charpy impact tests. Charpy impact va
lues were determined 
in the range -100°C to +90°C in order to obtain full
 transition curves. 
The test was conducted according to ASTM standards 
A370 and E23. The 
impact energies were obtained directly from the imp
act tester and 
brittle fracture appearances were measured. 50% she
ar fracture appear-
ance temperature (vTs) was chosen as the criterion for the tran
sition 
temperature, 
Hardness Test 
Hardness measurements were carried out using a Vick
ers machine 
employing a 10 kg load and a pyramid indenter for e
ach heat treatment. 
Nine impressions compatible with the notch position
 of the Charpy 
specimen were made for each sample and were average
d. 
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MICROSTRUCTURAL EXAMINATION 
Optical Metallographic Examination 
Conventional optical metallographic examinations were cond
ucted on 
the weld metal. The samples were etched in 2% nital and p
hotographed 
using a Zeiss Axiomat Microscope. 
Electron Metallographic Examination with TEM and SEM 
The electron metallographic examinations were performed us
ing a 
Philips EM 400 transmission electron microscope operating 
at 120 kV on 
carbon-extraction replicas. The direct carbon-extraction 
replicas were 
prepared from lightly etched sections of the weld metals. 
Replicas were 
removed in 5% nital. The microanalysis was carried out usi
ng an 
energy-dispersive X-ray spectrometer attachment to the sca
nning trans-
mission electron microscope in order to characterize the i
nclusion 
chemistry. An ETEC scanning electron metallographic exam
ination was 
conducted for the observation of the surfaces of the furna
ce-cooled and 
water-cooled specimens. 
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TEST RESULTS 
Chemical Analysis 
The chemical compositions of the weld metals are given in Table 5. 
The oxygen contents obtained were 250 ppm and 375 ppm for Ar+ 5% CO2 
and Ar+ 15% CO2, respectively. The carbon, silicon, manganese, boron 
and nitrogen contents were relatively constant, but the titanium content 
decreased with increasing concentration of carbon dioxide in the 
shielding gas. This reduction seems to happen because the titanium 
combined with oxygen in the process of welding and part of the resultant 
compounds floated as slag above the weld bead. 
Mechanical Properties 
Charpy Impact Test Results 
The Charpy-V transition curves obtained are given in Figure 5 to 
Figure 8 (250 ppm oxygen content weld metal) and in Figure 9 to Figure 
12 (375 ppm oxygen content weld metal) for both the as-welded and PWHT 
conditions. Figure 13 shows the ductile to brittle transition 
temperature (vTs) corresponding to 50% shear fracture appearance as a 
function of PWHT conditions. 
First of all, when comparing the impact properties in the as-welded 
condition, the vTs decreased significantly from +13°C to -91°C with 
increases in the oxygen content from 250 ppm to 375 ppm. This tendency 
was suggested by several papers(3,5,ll) as noted already (see Figure 1), 
Figure 1 showed that the toughness was improved the most for the weld 
metal with an oxygen content of 195 ppm when the titanium content was 
0.023%. In contrast, this weld metal has a relatively high titanium 
11 
content (0.037%) as shown in Table 5. It should be noted, therefore, that the optimum oxygen content for the improvement of notch toughness depends mainly on the titanium content. 
The notch toughness of both the weld metals was reduced by PWHT irrespective of the PWHT conditions. It can be seen that the extent of degradation of the weld metal with the lower oxygen content (250 ppm) was much greater than that associated with the higher oxygen content (375 ppm). In the case of the lower oxygen weld metal, the vTs increased with increases in the holding temperature. However, varying the holding time from 1 hour to 48 hours did not induce an appreciable change in the notch toughness. As far as the effect of cooling rate after PWHT is concerned, slower cooling tends to decrease the toughness more than rapid cooling. When PWHT was carried out at 600°C for 1 hour, for example, the furnace cooled weld had a vTs 23°C higher than that of the water cooled weld. 
In the case of the higher oxygen content weld metal, there was no appreciable effect of PWHT conditions except for the 48 hour holding time. For the 1 hour holding time, neither the holding temperature nor changes in subsequent cooling conditions had a significant influence on the transition temperature. However, when the holding time was 48 hours, the vTs increased with increase in the holding temperature, the maximum increase being 25°C for the 700°C temperature weld. 
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Hardness Test Results 
Figure 14 shows the effect of PWHT on the hardness of the weld 
metal metals containing two different oxygen levels. In the case of the 
250 ppm oxygen weld metal, when the holding time was 1 hour, the 
hardness increased to a maximum and then decreased with increases in 
holding temperature regardless of the cooling rate. These peak values 
were Hv 262 and Hv 254 for the furnace cooled and water cooled specimens 
at a holding temperature of 650°C, respectively. In contrast, when the 
holding time was 48 hours, the hardness tend~d to decrease remarkably 
with increases in the holding temperature. In the case of 375 ppm 
oxygen content, the hardness showed little variations with PWHT 
conditions. The hardness, which showed maximum values at 600°C, had a 
tendency to decrease with the holding temperature in any PWHT condition. 
According to Figure 2, the content of soluble titanium and soluble 
boron in weld metals decreases with increasing oxygen content. In other 
words, the quantity of titanium and boron which precipitated during PWHT 
varies with oxygen content. It is probable that the remarkable increase 
in the hardness of lower oxygen content weld metal by PWHT is associated 
with precipitation of these elements, mainly titanium. The higher 
oxygen weld has less free titanium to precipitate. 
Optical Microscopy Results 
As-Welded Condition 
Microstructures of the weld metal in as-welded condition are shown 
in Figure 15 and Figure 16. When the oxygen content was 250 ppm, the 
microstructure was mixed and consisted of upper bainite and acicular 
13 
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ferrite. When oxygen co
ntent was 375 ppm, fine a
nd uniform acicular 
ferrite structure was fo
rmed along with some pro
eutectoid ferrite. It 
is clear that the toughn
ess is closely related to
 the microstructure 
especially the ferrite s
tructure. The conspicuo
us deterioration in 
transition temperature f
rom -91 °C to +13°C with 
reduction in the oxygen 
content resulted mainly 
due to the upper bainite
 structure of the lower 
oxygen weld metal. 
PWHT Condition (17,20,23) 
A prior literature surve
y indicates th
at three possible 
microstructural changes 
can occur during PWHT in
 C-Mn and microalloyed 
weld metals: (1) development o
f coherent or semicohere
nt carbide or 
carbonitride precipitate
s in the matrix (which raises 
the hardness), 
(2) development of carbides at
 grain boundary, (3) a coarsen
ing and/or 
spheroidization of pre-e
xisting carbides (which decrea
ses the hardness). 
Figures 17 and 18 show m
icrostructures of the we
ld metal with the 
lower oxygen content aft
er PWHT. When compared 
with the microstructure 
in the as-welded conditio
n (see Figure 15), no signific
ant change was 
observed in the acicular
 ferrite region. In reg
ions in this weld metal 
that had upper bainite s
tructure, PWHT seems to 
have resulted in 
breaking down the contin
uous or semicontinuous f
ilm of carbides between 
ferrite laths into discr
ete rod-like carbides. 
However, such micro-
structural changes are t
oo fine to be resolved b
y the optical 
microscope. Hence, tran
smission electron micros
copy was used to study 
these changes, as describ
ed later. 
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Figure 19 shows the microstructures of the higher oxygen content 
weld metal subjected to PWHT for 48 hours holding time at 650 and 700°C, 
PWHT does not seem to have resulted in the significant development of 
any carbides (see Figure 16). The ferrite grains, however, seem to have 
coarsened and grown, probably because the partial recrystallization(20) 
is occurring as a result of the long time heat treatment. This is the 
probable reason for the degradation of notch toughness on PWHT as shown 
in Figure 13, and this confirms the fact that the ferrite grain size 
plays an important role in controlling the notch toughness of weld 
metals with acicular ferrite microstructures. 
It is interesting to note that structural changes brought about as 
a result of PWHT in weld metal with a bainite structure are different 
from those in the weld with mainly acicular ferrite microstructure. / 
Thus, a long holding time heat treatment results primarily in a 
coarsening of ferrite grains; if some carbide formation occurred at the 
acicular ferrite grain boundaries, these would necessarily be fine 
because of the greater boundary area available for the fine grained 
acicular ferrite. In the case of the upper bainite microstructure, a 
change in morphology of the carbides was much more clearly discernable. 
Electron Microscopy Results with TEM 
As was expected from the optical studies, there appeared to be some 
changes in the morphology of the carbides during PWHT in the lower 
oxygen weld metal. Figure 20 illustrates the effect of PWHT condition 
on the grain-boundary carbides observed in the upper bainite region of 
the 250 ppm oxygen weld metal. It is obvious that the continuous or 
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semicontinuous films of carbide tend to be broken into strings of 
ellipsoidal particles and to become coarsened with increases in the 
holding temperature and the holding time. Figure 21 shows an example of 
the results obtained by EDS analysis of the grain-boundary carbides 
observed in the weld metal after PWHT for 48 hours at 700°C. As is 
evident from the presence of the peak of iron and manganese, the 
grain-boundary carbides are probably cementite containing a small amount 
of manganese. The peaks corresponding to copper in the spectrum 
resulted due to the excitation of the grid material used in the TEM. 
As far as the precipitates and inclusions observed within the 
ferrite matrix are concerned, there appears to be no significant 
influence of PWHT on their total number, morphology, size and shape as 
shown in Figure 22. Figures 23 and 24 show two typical results of EDS 
analysis carried out on the inclusions within the ferrite matrix. The 
difference between both the spectra of inclusions, mainly containing 
aluminum and titanium, was the presence of the manganese peak. It could 
be expected that (1) the inclusion with manganese might be a complex 
oxide (including some sulfide) considering the strong affinity of 
manganese for oxygen, and (2) the inclusion without manganese might be 
either a carbonitride or nitride. However, from the above study, it is 
difficult to estimate the influence of PWHT on the fine precipitation of 
carbonitrides or nitrides within the ferrite matrix and account for the 
increase in hardness observed, 
Electron Microscopy Results with SEM 
It may be pointed out that temper embrittlement characterized by 
16 
the intergranular fracture is sometimes responsible for the adver
se 
effects of PWHT (furnace cooling) on the notch toughness of weld metal 
depending on the balance of the strengths of grain boundary and f
errite 
matrix itself. 
As mentioned earlier, the slower cooling tends to decrease the 
notch toughness of weld metal with an oxygen content of 195 ppm mo
re 
than the rapid cooling. To clarify the influence of temper 
embrittlement occurring during cooling after PWHT, the fracture s
urfaces 
of Charpy impact test specimens, furnace-cooled and water-cooled, 
were 
examined by scanning electron microscopy. Figure 25 shows a typic
al 
example of the fracture modes. It can be clearly seen that the i
nter-
granular fractures were not revealed in both cases. 
The fracture appearances characterized by typical cleavage failur
es 
exhibited no significant change except for the partial step-like 
fractures for the furnace cooled specimen. This fact indicates th
at 
there is little influence of temper embrittlement on the differenc
e in 
notch toughness observed with cooling rate changes. 
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DISCUSSION 
Figure 26 .shows the increase in vTs 
between the as-welded and PWHT 
conditions ( vTs) as a function of hardness.
 When PWHT conditions 
consisted of either 1 hour holding t
ime at 600, 650 and 700°C or 48 
hours holding time at 600°C, the det
erioration of notch toughness gives 
a relatively good agreement with the
 increases in hardness, as shown by 
a band in Figure 26. This may be ca
used by the precipitation of 
titanium nitrides or carbonitrides c
ontaining aluminum. These precipi-
tates might be fine enough to give r
ise to the coherent strain with the
 
ferrite matrix resulting in precipi
tation hardening. This explanation 
provides the reason that the increas
e in hardness of lower oxygen 
content weld metal was much more rem
arkable than that of the higher 
oxygen content weld metal in that th
e quantity of titanium precipitatio
n 
during PWHT depends on the amount of
 soluble titanium in as-welded 
condition. The content of soluble t
itanium in weld metal decreases with
 
increasing oxygen content as shown o
n Figure 2. 
On the contrary, when PWHT was perfo
rmed for 48 hours holding time 
at 650 and 700°C, the data obtained f
or the welding with both oxygen 
levels deviated from the band as sho
wn in Figure 26. It is possible 
that the fine titanium precipitates 
became coarsened due to the long 
holding time and relatively high tem
perature heat treatments, and they 
no longer contributed to the precip
itation hardening effect. Generally
 
speaking, the notch toughness of the
 weld metals will tend to increase 
with decrease in the strength (hardness) due
 to the softening of ferrite 
matrix. However, the case of the h
igher oxygen weld metal as mentioned
 
above, the ferrite grains became coa
rsened, probably because of the 
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partial recrystallization(20) occurring during the long time heat 
treatment, thereby resulting in a decrease in notch toughness. 
In the case of the lower oxygen weld metal, the development of 
grain-boundary carbides by the breaking up of grain-boundary films and 
subsequent coarsening can lead to a complex toughness situation which 
depends on the balance of the factors as follows: (1) the carbide films 
may be important in nucleating cleavage cracks. Therefore, breaking up 
of these films produces an increase in notch toughness by removing easy 
crack paths along the cementite needles. (l 7) (2) The coarsened carbides 
can not deform during impact testing and, therefore, cracks were 
produced which propagated into the surrounding ferrite matrix, hence 
lowering the impact fracture resistance. (l 9) (3) the increase in the 
total number of grain-boundary cementite formed which produced 
low-energy crack propagation paths(20) as illustrated in Figure 22. 
These factors counterbalanced the observed softening and produced a 
consequent deterioration in the notch toughness of the weld metal. 
To represent collectively the effect of the PWHT conditions, namely 
the holding time and temperature on mechanical properties, the 
Holloman-Jaffe<24) parameter, Hp; is widely used. 
-3 Hp= 10 T (20 + log t) 
where tis the time in hours spent at the holding temperature, T (°K). 
Figure 27 shows the relationship between the parameter Hp and the 
transition temperature (vTs) of the weld metals. As can be seen from 
this figure, the difference in transition temperatures observed for the 
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two weld metals with different oxygen contents in the as-welded 
condition is maintained over all. the PWHT conditions represented by the 
Hp values ranging from 17 .S to 21.1. 
This indicates that, from an application standpoint, it is 
impossible to improve the notch toughness of the weld metal containing 
titanium and boron by controlling PWHT operations. However, the most 
important thing in terms of maintaining good toughness after PWHT is to 
obtain weld metal with good toughness in the as-welded condition. This 
means weld metal which consists of fine acicular ferrite produced by 
controlling the oxygen content of the weld metal. 
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CONCLUSIONS 
Based on the results of thi
s investigation, the follow
ing 
conclusions may be drawn. 
1. The transition tempera
ture (vTs) of weld metal in the as
-welded 
condition increased signifi
cantly from -91°C to +13°C 
with decreases in 
oxygen content from 375 ppm
 to 250 ppm. This deterior
ation resulted 
mainly due to the upper bai
nite structure of the lower
 oxygen weld 
metal, in contrast to the 
ferrite structure of the hi
gher oxygen weld 
metal. 
2. The notch toughness of 
both the weld metals with d
ifferent 
oxygen contents was reduced
 by PWHT regardless of the 
PWHT conditions. 
The extent of degradation o
f the 250 ppm oxygen weld m
etal was greater 
than that associated with t
he 375 ppm oxygen weld meta
l. 
3, The hardness of the wel
d metal increased on PWHT p
robably 
because of precipitation ha
rdening by the titanium nit
rides or 
carbonitrides containing alu
minum. The extent of harde
ning depends on 
the PWHT condition and the 
oxygen content of the weld 
metal associated 
with the morphology and the
 quantity of titanium prec
ipitation. 
4. When PWHT was carried out 
either for 1 hour holding ti
me at 
600., 650 and 700°C or 48 ho
urs at 600°C (Holloman-Jaffe para
meter, Hp 
<19.0), deterioration in notch to
ughness correlated well wit
h the 
increases in hardness. 
5, When PWHT conditions co
nsisted of 48 hours holding
 time at 650 
and 700°C (Hp~ 20.0), the notch 
toughness was also decrease
d regardless 
of the softening effect bec
ause of the discernable mic
rostructural 
changes. 
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6. Microstructural changes brought about as a result of PWHT in 
weld metal consisting of upper bainite were different from those in weld 
consisting of mainly acicular ferrite. In the case of the upper bainite 
microstructure, the continuous films of carbide tend to be broken into 
strings of ellipsoidal particles and to become coarsened. On the other 
hand, PWHT does not seem to have resulted in any significant development 
of carbides for fine acicular ferrite structure. The ferrite grains 
seem to have coarsened through grain growth probably because of the 
partial recrystallization occurring as a result of the long time heat 
treatment. 
7. From an application standpoint, it is impossible to improve the 
notch toughness of the weld metal containing titanium and boron by PWHT 
operation. In order to maintain the good toughness after PWHT it is 
necessary to obtain weld metal with good toughness in as-welded 
condition, which implies a microstructure of fine acicular ferrite 
produced by controlling the oxygen content of the weld metal. 
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TABLE 1 
Chemical Composition of Plate (wt.%) 
C Si Mn 
p s sol. Al 
0.095 0.25 1.28 0.004 0.0
02 0.040 
TABLE 2 
Chemical Composition of Wire (wt.%) 
C Si Mn p s Mo 
Ti B 0 N 
0.06 0.38 1. 91 0.004 0.007 0.30 
0.153 0.0070 0.0031 0.0068 
TABLE 3 
Welding Conditions 
Shielding Gas Welding Current Arc V
oltage Welding Speed Heat Input 
(A) (V) (nun/min) (kJ/cm) 
Ar+ 5% CO2 
760 28 270 
48 
Ar+ 15% CO 2 8
00 30 300 
48 
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Shielding 
Ar+5% CO2 
Ar+l5% CO 2 
TABLE 4 
PWHT Conditions 
Heating rate 
Holding temperature 
Holding time 
Cooling Rate 
TABLE 5 
~ 300°C/hr 
600°C, 650°C, 700°C 
1 hour, 48 hours 
water cooling:~ 50°C/sec 
furnace cooling: ~35°C/hr 
Chemical Composition of Weld Metals
 (wt%) 
C Si Mn p s Mo 
Ti B 0 N 
0~07 0.25 1.46 0.007 0.004 0.12 
0.045 0.0028 0.0250 0.0068 
0.08 0.25 1.45 0.005 0.002 0.12 
0.037 0.0026 0.0375 0.0067 
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Fig. 3 Edge preparation used 
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:z • t 
Fig. 4 Sampling and notch. position of 
specimen for 2mm V Cliarpy impact test 
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(a) Oxygen content :250pprn , As welded (X400) 
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Fig. 16 Microstructures of weld metal 
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Fig. 17 Microstructures of weld metal wit h oxygen content of 250ppm subjected to PWHT for 1hr 
holding time 
(a) Holding temp. 6oo·c (XlOO) (b) Holding temp. 650 °c (XlOO) (c) Holding temp. 700°C 
Fig. 18 Microstructures of weld metal 
holding time 
with oxygen content of 250ppm subjected to PWHT for 48hrs 
(XlOO) 
(a) 650°C X 48hrs - water cooling (X400) 
(b) 700°C X 48hrs - water cooling (X400) 
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Fig. 25 Effect of cooling rate after PWHT on fracture appearances 
of weld metals with oxygen content of 250ppm 
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